In addition to its well-known hematopoietic effects, erythropoietin (EPO) also has neuroprotective properties. However, hematopoietic side effects are unwanted for neuroprotection, underlining the need for EPO-like compounds with selective neuroprotective actions. One such compound, devoid of hematopoietic bioactivity, is the chemically modified, EPO-derivative carbamylerythropoietin (CEPO). For comparison of the neuroprotective effects of CEPO and EPO, we subjected organotypic hippocampal slice cultures to oxygen-glucose deprivation (OGD) or N-methyl-D-aspartate (NMDA) excitotoxicity. Hippocampal slice cultures were pretreated for 24 h with 100 IU/ml EPO (= 26 nM) or 26 nM CEPO before OGD or NMDA lesioning. Exposure to EPO and CEPO continued during OGD and for the next 24 h until histology, as well as during the 24 h exposure to NMDA. Neuronal cell death was quantified by cellular uptake of propidium iodide (PI), recorded before the start of OGD and NMDA exposure and 24 h after. In cultures exposed to OGD or NMDA, CEPO reduced PI uptake by 49 ± 3 or 35 ± 8%, respectively, compared to lesion-only controls. EPO reduced PI uptake by 33 ± 5 and 15 ± 8%, respectively, in the OGD and NMDA exposed cultures. To elucidate a possible mechanism involved in EPO and CEPO neuroprotection against OGD, the integrity of α-II-spectrin cytoskeletal protein was studied. Both EPO and CEPO significantly reduced formation of spectrin cleavage products in the OGD model. We conclude that CEPO is at least as efficient neuroprotectant as EPO when excitotoxicity is modeled in mouse hippocampal slice cultures.
Introduction
EPO is a 34 kDa pleiotropic cytokine with well-known hematopoietic and neuroprotective activities (Sasaki, 2003) . EPO was first recognized for its hematopoietic properties, where EPO acts as a growth factor and inhibitor of apoptotic cell death (Fisher, 2003) . Binding of EPO to its receptor (EPOR) in the bone marrow stimulates survival, proliferation and differentiation of erythroid cells. Traditionally, EPO has been seen as a stimulator of hematopoiesis and produced in kidney, liver and spleen in response to hypoxia, but it is also expressed in the uterus (Davis et al., 2003) and in brain (Genc et al., 2004a,b; Sasaki, 2003) . In the brain, EPO is highly expressed in development (Buemi et al., 2002; Nagai et al., 2001 ). In the mature brain, expression of EPO appears to be upregulated by oxidative or nitrosative stress (Bernaudin et al., 1999 (Bernaudin et al., , 2000 Chong et al., 2003; Digicaylioglu et al., 1995) . Within the brain, functional EPORs are expressed by different cell types such as neurons, glial cells and brain capillary endothelial cells (Genc et al., 2004a,b) , while the main source of EPO within the CNS itself appears to be the astroglial cells (Bernaudin et al., 2000; Digicaylioglu et al., 1995; Juul et al., 1998; Marti et al., 1996; Masuda et al., 1993) . Despite its extensive glycosylation and large size, EPO has been shown in multiple experimental species and in man to cross the blood brain barrier (BBB) when administered peripherally (Ehrenreich et al., 2004) . During brain development, the expression of both EPO and EPOR changes drastically (Buemi et al., 2005; Genc et al., 2004a,b; Juul et al., 1999) . Lately, Ruscher et al. (2002) hypothesized that EPO has paracrine functions in cerebral ischemia. The neuroprotective effects of EPO appear to be mediated by various mechanisms, including decreased production and/or release of tissue-injuring molecules such as reactive oxygen and nitrogen species and glutamate, modulation of neurotransmission, reversal of vasospasm, attenuation of apoptosis and modulation of inflammation (Brines and Cerami, 2005) . The mechanisms by which these processes take place, however, are not yet fully elucidated. It has been shown that calcium overload leads to neurodegeneration in cerebral ischemia (Choi, 1995) . Excessive calcium levels are responsible for activation of intracellular calcium proteases, such as calpains, which play a pivotal role in cytoskeletal degeneration and ischemic cell death (Saido et al., 1994; Wang and Yuen, 1994) . Calpain is a cysteine protease which is overactivated in several pathological conditions, including all forms of excitotoxicity (Azuma et al., 1991; Siman and Noszek, 1988; Wang and Yuen, 1994) . One of the substrates of calpain is the cytoskeletal protein non-erythroid α-IIspectrin (= fodrin) (Martin et al., 1995) . In neuronal cells, α-II-spectrin breakdown products (SBDP) of 150 kDa and 145 kDa have been shown to be produced by calpain activation (Nath et al., 1996a,b) . MDL 28170, a selective cell-permeant calpain inhibitor, has been shown to be neuroprotective against OGD in rat hippocampal slice cultures (Brana et al., 1999) . The main goal of this study was to investigate and compare the neuroprotective effects of EPO and CEPO. Also the latter has been shown to cross the blood brain barrier and may therefore be considered as antiexcitotoxic therapeutic (Leist et al., 2004) . For this purpose, we used hippocampal slice cultures, derived from postnatal day 7 mouse and subjected to ischemia-like oxygen-glucose deprivation (OGD) or glutamate receptor-mediated NMDA excitotoxicity.
Materials and methods

Slice preparation and culturing
Here 7-day-old C57BL/6J mice were killed by an instant cut of the brain stem, the brain removed and the hippocampi isolated by dissection. Each hippocampus was then cut in transverse sections at 350 μm by a McIlwain tissue chopper. Thereafter the slices were transfer to Gey's balanced salt solution (Gibco Life Technologies, Paisley, UK) with Dglucose (6.5 mg/ml), trimmed for excess tissue under a microscope and placed randomly on semiporous (0.4 μm pore size) insert membranes (30 mm in diameter) (Millipore Corp., Bedford, MA, USA, Cat. No. PICM 03050) with 6 slices on each membrane. The inserts with the slices were transferred to six well culture trays (Corning Costar, Corning, NY, USA) with 1 ml of culturing medium in each well and placed in an incubator with 5% CO 2 and 95% atmospheric air at 33°C. The culturing medium was composed of 50% Opti-MEM (Cat. No. 31985-047), 25% horse serum (Cat. No. 26050-047) , 25% Hank's BBS (HBSS; Cat. No. 24020-091) (all from Gibco BRL), supplemented by D-glucose to a final concentration of 25 mM. After 3-4 days, the culture medium was changed twice a week for the next 2 weeks. One day before exposure, the medium was replaced by 1 ml of chemically defined, serumfree Neurobasal medium (Gibco BRL, Cat. No. 21103-049) with 25 mM D-glucose and 1 mM L-glutamine (Sigma, Cat. No. 25030-024) and 2% B27 supplement (Gibco BRL, Cat. No. 17504-010) and the cultures transferred to an incubator at 36°C. No antimitotic drugs or antibiotics were used at any stages.
Drug delivery
EPO (26 nM) and CEPO (26 nM) (generously provided by Lundbeck A/S) were added to the culture medium 24 h prior to oxygen-glucose deprivation or NMDA exposure and to all media used up to the histological processing.
Induction of in vitro ischemia
For oxygen-glucose deprivation (OGD), a submersion protocol introduced by Frantseva et al. (1999) and modified by Bonde et al. (2002) was used. The OGD medium used for submersion was an artificial cerebrospinal fluid (ACSF) with the following composition: 120 mM NaCl, 5 KCl, 1.25 mM NaH 2 PO 4 ·H 2 O, 2 mM MgSO 4 ·7H 2 O, 2 mM CaCl 2 , 25 mM NaHCO 3 , 20 mM HEPES and 25 mM sucrose. The ACSF was bubbled with a gas mixture containing 5% CO 2 and 95% N 2 , resulting in an O 2 gas pressure measured to be close to zero. After a single wash of the culture well with the OGD medium, 1 ml of this medium was placed below and 1 ml on top of the semiporous membranes, covering the hippocampal slices. The culture trays were then wrapped in airtight plastic foil and placed in the incubator at 36°C for 30 min, known from previous experiments to induce 50% cell death in hippocampal CA1 pyramidal cells (see below). Control cultures consisted of cultures handled and submersed in the same way as OGD cultures, but using ACSF with 25 mM glucose instead of sucrose (sham-OGD cultures), and cultures not manipulated at any time (controls). After OGD, submersed OGD and sham-OGD cultures were washed once with Neurobasal, transferred to cultures trays with Neurobasal medium and returned to the CO 2 incubator at 36°C, where they remained for 24 h more until fixation in 4% paraformaldehyde (PFA) and histological processing.
Determination of the ET 50 value for OGD in mouse hippocampal slice cultures
In initial studies, two-week-old hippocampal slice cultures were exposed to OGD for 10, 20, 30, 45, 60, 90 and 120 min and the neuronal damage assessed by PI uptake after 24 h. In order to determine the time needed to induce 50% neuronal cell death (ET 50 value) among CA1 pyramidal neurons, as determined by cellular uptake of propidium iodide, the ET 50 value was in this way found to be 30 min (data not shown).
Determination of the EC 50 value for NMDA in mouse hippocampal slice cultures Two-week-old hippocampal slice cultures were exposed to increasing concentrations of NMDA (1, 3, 10, 30, 100 μM). In order to determine the concentration needed to induce 50% neuronal cell death among CA1 pyramidal cells, as determined by propidium iodide uptake, the EC 50 value for NMDA was in this way found to be 10 μM (Fig. 1) .
Quantification by cellular uptake of propidium iodide (PI) as a marker of cell death Cell death was determined by the fluorescence cell death indicator propidium iodide (PI) (Sigma). PI was added to the medium 24 h before OGD of control and experimental cultures to yield a 2 μM concentration. Recordings of cellular PI uptake by fluorescence microphotographs were performed immediately before the hypoxic or the excitotoxic insult and 24 h after using a tetramethyl rhodamine isothiocyanate filter (510-560/ 590 nm) and a Sensys KAF 1400 G2 (Photometrics, Tucson, AZ) digital camera (Noraberg et al., 1999) . Correspondingly, timed recordings were performed from the respective controls. The PI uptake in the cell layers of the different hippocampal subfields (CA1, CA3, dentate gyrus and all entire hippocampus) was quantified densitometrically, using NIH Image software (version 1.64).
Oxygen-glucose deprivation (OGD) experimental protocol
For induction of neuronal cell death by oxygen and glucose deprivation and test of neuroprotective effects of EPO and CEPO, hippocampal slice cultures from newborn (P7) C57BL/6J mice grown for 2 weeks in a 5% CO 2 incubator were treated according to the experimental protocol described below. Twenty-four hours before exposing the cultures to OGD, the serum-containing medium where the cultures were grown for 14 days in vitro was replaced by Neurobasal medium containing the cell death marker PI. For tests of the neuroprotective effects of EPO and CEPO, the compounds were added in relation to the medium change 24 h before the ischemic insult and maintained in Neurobasal medium during the subsequent 24 h recovery period until fixation for histology ( Fig. 2A) . The EPO and CEPO concentrations used were chosen on the basis of results from other studies Fig. 1 . Dose-response curve for NMDA-induced excitotoxic neurodegeneration in 14-day-old hippocampal slice cultures, derived from 7-day-old mice. Neuronal cell death in the CA1 pyramidal cell layer was monitored by densitometric measurements of the cellular uptake of propidium iodide (PI). PI uptake was assessed 24 h after NMDA exposure. Maximal PI uptake recorded at the highest NMDA dose was set up to 100% cell death. The EC 50 value for the CA1 pyramidal cell layer was found to be 10 μM. Fig. 2 . Schematic representation of the experimental protocols in 14 days old hippocampal slice cultures, derived from 7 days old mice when exposed to (A) oxygen-glucose deprivation and (B) NMDA excitotoxicity with and without the presence of EPO or CEPO. Recordings of induced cellular uptake of PI were performed before the insult (0 h) and 24 h post-insult. EPO and CEPO were added to the Neurobasal medium together with PI 24 h before the lesion and remained in the medium until fixation of the cultures for histology.
(data not shown). For histological processing, experimental and control cultures were fixed in 4% PFA and cryoprotected in 20% sucrose overnight, before sectioned by cryostat in two parallel series of 20 μm. One series was cell stained by toluidine blue to evaluate general morphology of the hippocampal slice cultures. The other series was immunostained for the microtubule-associated protein 2 (MAP2) to visualize neuronal cytoskeletal integrity (Noraberg et al., 1999) . Changes in MAP2 staining were recorded by digital photographs of the whole hippocampus and CA1.
NMDA lesion experimental protocol
To evaluate the neuroprotective effect of EPO and CEPO against an NMDA-induced excitotoxic lesion, 2-week-old hippocampal slice cultures were exposed to 10 μM of NMDA, which is known to induce 50% neuronal cell death (EC 50 value) in the CA1 pyramidal cell layer in hippocampal slice cultures from P7 C57BL/6J mouse ( Fig. 1) . For quantitation of cell death, PI was added to the medium 24 h before exposing the cultures to the excitotoxic lesion with 10 μM of NMDA in relation to a medium change from serum-containing medium to Neurobasal medium. NMDA was present in the medium for 24 h before histological processing. EPO and CEPO, both in a 26 nM concentration, were added to the medium also 24 h prior NMDA exposure and were present in the media until the cultures were fixed with 4% PFA solution and cryoprotected in sucrose (Fig. 2B ). For histology, the hippocampal slice cultures were cryostat sectioned in two parallel series of 20 μm thick sections. One series was cell stained for toluidine blue, the other for the neuronal cytoskeletal marker MAP2, and digital microphotographs taken of the whole hippocampus and CA1. (D) , as compared to cultures where the neuroprotective compounds EPO (E) or CEPO (F) were present in the medium (see Fig. 2A for exposure protocol). The presence of EPO and CEPO did not by itself change in PI uptake compared to unexposed cultures (compare B and C with A). (B) Densitometric measurements of PI uptake in mouse hippocampal slice cultures exposed to OGD and treated with EPO or CEPO (according to Fig. 2A ). OGD-induced neuronal cell death was standardized to 100%. PI uptake was measured in the granule cell layer of the dentate gyrus (DG), the CA3 and the CA1 pyramidal cell layers and all hippocampal cell layer together. In the CA1 pyramidal layer, CEPO significantly reduced PI uptake by 49% (p < 0.001) when compared to untreated OGD cultures (100%). EPO reduced PI uptake by 33% (p < 0.001). Data are shown as a percentage of PI uptake standardized to OGD (n = 27-30).
Western blot analysis
Lysates were prepared from 18 pooled slice cultures for each condition. For lysis, the cultures were subjected to three freezethaw cycles in 3-[(3-cholamidopropyl) dimethylammonio]-1-propane sulfonate (CHAPS) buffer (50 mM PIPES, 0.1% CHAPS, 2 mM EDTA, 5 mM DTT; adjusted to pH 6.5), with addition of a complete protease inhibitor cocktail (Roche) before lysis. Lysates were spun down at 15,000×g for 10 min, and supernatants were used for Western blotting. For SDS-PAGE, 10 μg of protein was loaded per well on a 7% Trisacetate NuPAGE gel (Invitrogen). For immunoblotting, anti-α-II-spectrin antibody from Chemicon (CA, USA, MAB1622, dilution 1:1000) and β-actin antibody from Sigma (A5441, dilution 1:5000) were used together with horseradish peroxidase-conjugated secondary antibodies (DAKO, Denmark). The blots were developed using the enhanced chemiluminescence system (ECL Western blotting system, Amersham Biosciences). SeeBlue prestained standards (Invitrogen) were included on the blots. Band densities were quantified by the Fuji Film MultiGauge software.
Microtubule-associated protein 2 immunohistochemistry
Immunohistochemical staining for MAP2 was performed on cryostat sections of PFA-fixed cultures. First, the sections were thawed at room temperature (RT) and washed in Tris buffered saline (TBS), pH 7.4 for 15 min followed by washing in TBS + triton X-100 (Sigma) 3 × 15 min. After blocking unspecific staining with 10% fetal bovine serum in TBS (FBS), the sections were incubated for 2 days at 4°C with the primary mouse-anti-MAP2 (Sigma) diluted 1:1000 in FBS. The sections were then washed in TBS + triton X-100, 3 × 15 min, and incubated for 1 h at RT with the secondary biotinylated Fig. 4. (A) Mouse slice cultures treated with 10 μM NMDA showed extensive cell death monitored by PI uptake in the CA1 and CA3 cell layers and the dentate granule cell layer with CA1 pyramidal cell layer being the most susceptible (D). In CEPO-treated NMDA-exposed cultures, there was a significant decrease in PI uptake in all cell layers (F). EPO did not have this effect (E). (B) Densitometric measurements of PI uptake in different hippocampal cell layers following exposure to 10 μM of NMDA for 24 h. In the CA1 pyramidal cell layer, EPO did not significantly reduce NMDA-induced PI uptake, while CEPO caused a significant decrease of 35% (PI uptake in arbitrary units: 414 ± 48, p < 0.001) compared to cultures exposed to NMDA alone (PI uptake in arbitrary units: 633 ± 41). Data are shown as a percentage of PI uptake standardized to OGD (n =27-30).
sheep anti-mouse antibody (RNP1001V1, Amersham) diluted 1:200 in FBS. Following a rinse in TBS for 5 min, the sections were washed again in TBS + triton X-100, 3 × 15 min, before the incubation with streptavidin-HRP (P0397, DakoCytomation) diluted 1:200 in FBS for 1 h at RT. The sections were then washed in TBS 3 × 15 min and developed in 25 mg of diaminobenzidine (DAB) diluted in 50 ml of FBS and 16.5 μl of H 2 O 2 for 15 min. Finally, the sections were washed in TBS 3 × 15 min. The sections were then rinsed in distilled water and dehydrated in ethanol (70% 2 min, 96% 2 × 2 min, 99% 3 × 2 min) cleared in xylene 3 × 5 min and coverslipped with DePex mounting media.
General toluidine blue cell staining
For histological evaluation of the hippocampal slice cultures, toluidine blue (Merck) staining was performed on cryostat sections previously fixed in 4% PFA and cryoprotected in 20% sucrose. First, the sections were thawed at RT for 30 min. The sections were then washed in Tris buffered saline, pH 7.4 (TBS) for 15 min followed by rinsing in distilled water for 2 min. The TB solution was previously filtered before being used. Once filtered, the sections were incubated in the TB solution for 10 min followed by 3 × 5 min washes in distilled water to get rid of the excess of TB solution. Thereafter, sections were dehydrated in 99% ethanol 3 × 5 min. Finally, sections were cleared in xylene 3 × 5 min and coverslipped with DePex mounting media.
Statistical analysis
Densitometric measurements of PI uptake were expressed as mean ± SEM, and differences of p < 0.05 were considered significant. Statistical significance was determined by using ANOVA followed by Bonferroni's post hoc analysis of relevant experimental groups.
Results
OGD-induced PI uptake and effects of EPO and CEPO
Based on the densitometric measurements of cellular PI uptake recorded 24 h after 30 min of OGD, the CA1 pyramidal cell layer of the hippocampus was more susceptible than the corresponding cell layer in CA3 (PI uptake in arbitrary units: CA1, 500 ± 30; CA3, 390 ± 21) (Fig. 3A) . In the CA1, cultures exposed to OGD in the presence of EPO showed a 33% reduction of PI uptake (PI uptake in arbitrary units: 336 ± 24), compared to cultures exposed to OGD only (p < 0.001). The non-erythropoietic variant CEPO also displayed a powerful protective effect decreasing PI uptake by 49% (PI values in arbitrary units of 260 ± 16; p < 0.001). In the dentate gyrus (DG), OGD cultures exposed to EPO showed no statistical difference compared to OGD-only cultures, while CEPO decreased PI uptake by 22%. With respect to neuroprotective effects of EPO and CEPO, the CA3 pyramidal layer showed similar patterns of PI uptake as the DG. In the CA1 pyramidal cell layer, sham-OGD cultures displayed a reduction of PI uptake of 56% compared to OGD-only cultures (p < 0.001). PI uptake was virtually absent in non-OGD-exposed control cultures treated with EPO or CEPO (PI uptake in arbitrary units: 1.3 ± 2 and 0.7 ± 1.9, respectively) (data not shown) (Fig. 3B) .
NMDA-induced PI uptake and effects of EPO and CEPO
Cultures exposed to 10 μM NMDA for 24 h displayed most neuronal cell death, monitored by PI uptake, in the CA1 pyramidal cell layer, but also CA3 and dentate gyrus cell layers displayed significant neurodegeneration (PI uptake in arbitrary units: CA1, 633 ± 41; CA3, 424 ± 52, DG, 531 ± 47) (Fig. 4A) . Control cultures and non-lesioned cultures exposed to EPO or CEPO showed a low PI uptake in all hippocampal cell layers (data not shown). In the DG of NMDA-lesioned cultures, EPO reduced PI uptake by 28% (n.s.), while CEPO reduced PI uptake by 52% compared to non-treated NMDA-lesioned cultures (p < 0.001). In the CA3, NMDA-lesioned cultures exposed to EPO or CEPO displayed a reduction in PI uptake by 39% (p < 0.01) and 62% (p < 0.001), respectively. In the CA1, EPO did not significantly decrease NMDA-induced neuronal cell death expressed by PI uptake (PI uptake in arbitrary units: 536 ± 50 compared to 633 ± 41 in non-treated NMDA-lesioned cultures). In contrast to this, CEPO induced a significant decrease in CA1 neuronal cell death reducing the PI uptake by 35% (p < 0.001) (PI uptake in arbitrary units: 414 ± 48), compared to NMDA-exposed cultures (Fig. 4B) . 
EPO and CEPO inhibit OGD-induced calpain activation
In order to investigate whether EPO or CEPO modulated late molecular markers of cell death in OGD-treated slices, the integrity of α-II-spectrin after OGD with and without EPO or CEPO was investigated. α-II-spectrin is a 240 kDa structural protein, and cleavage to 145/150 kDa α-II-spectrin products has earlier been shown to be characteristic for calpain-mediated cleavage of the protein during cell death (Nath et al., 1996a,b) . Analysis of the patterns of α-II-spectrin cleavage in hippocampal slices by Western blotting 24 h after OGD revealed a significant increase in 145 and 150 kDa α-II-spectrin breakdown products indicating an OGD-induced activation of calpain (Fig. 5) . Preincubation of the slices with EPO or CEPO significantly reduced the formation of OGD-induced 145/150 kDa α-II-spectrin cleavage products, suggesting that the neuroprotective actions of EPO and CEPO involve inhibition of calpain activity.
Histological analysis by toluidine blue cell staining
Toluidine blue cell staining was used to evaluate and qualify the morphology of our hippocampal slice cultures after both the OGD (Figs. 6D-F) and the NMDA-induced lesions (Figs. 7D-F) . In control not manipulated cultures (Figs. 6D; 7D) , the general structural integrity and subfield cell layers were well preserved in all its different subfields. Hippocampal pyramidal cells and granule cells appeared healthy with intact nuclear morphology and chromatin density. Treatment of the cultures with EPO (Fig. 8I) or CEPO (Fig. 8J) did not induce any obvious deleterious effects on cellular morphology in any of the hippocampal regions. OGD-lesioned cultures (Figs. 6E; 8L) displayed a significant increase in the number of pyknotic nuclei 24 h after OGD. The induction of pyknotic nuclei was stronger and more widespread in NMDA-lesioned cultures (Figs. 7E; 9D) . Treatment with EPO reduced in both OGD (Fig.  8M) or NMDA-lesioned cultures (Fig. 9E) , the number of pyknotic cells. Treatment with CEPO was at least as effective against both OGD (Figs. 6F; 8N) and NMDA ( Figs. 7F; 9F ).
MAP2 immunoreactivity
Immunostaining for the microtubule-associated protein 2 (MAP2) was performed on both OGD (Figs. 6A-C; 8A-G) and NMDA treated (Figs. 7A-C; 9A-C) cultures, as a supplement to the observations based on PI uptake and toluidine blue staining. MAP2 is primarily present in dendrites and as such known to be a marker of neuronal structural integrity. Loss of MAP2 immunoreactivity has thus been described as one of the first indicators of neuronal Fig. 6 . Toluidine blue cell staining and MAP2 immunohistochemistry of mouse hippocampal slice cultures subjected to OGD and exposed to EPO or CEPO (see Fig.  2A for exposure protocol). Control not manipulated cultures displayed a healthy cellular morphology of cell layers (A, D for MAP2 and TB staining respectively). The OGD insult induced an increase in the number of pyknotic nuclei assessed by TB cell staining (E), mainly restricted to the CA1 pyramidal cell layer but also extending into the other subfields. In OGD cultures treated with CEPO (C, F for MAP2 and TB staining respectively), most neurons displayed a healthy morphology, with few scattered pyknotic nuclei along the CA1 subfield and high density of dendritic processes. degeneration (Bonde et al., 2002) . Hippocampal cultures exposed to OGD (Figs. 6B; 8E) and NMDA (Figs. 7B; 9A) displayed a significant loss in MAP2 immunoreactivity, particularly in the CA1 region, 24 h after the insult, while control cultures displayed intact MAP2 immunoreactivity (Figs. 6 and 7A; 8A). Exposure to EPO, 24 h prior to OGD or NMDA treatment, as well as during the insult and for 24 h after, reduced the loss of MAP2 when compared to cultures subjected to OGD (Fig. 8F ) and NMDA only (Fig. 9B) . Furthermore, OGD-lesioned CEPO-treated cultures appeared very similar to control cultures with well-preserved CA1 pyramidal cells with well-preserved dendrites (Figs. 6C; 8G ).
Discussion
The purpose of this study was to evaluate and compare the neuroprotective effects of EPO and its derivate CEPO against OGD and excitotoxic NMDA lesions in mouse hippocampal slice cultures. Experimental in vitro models are often used to study biochemical and morphological changes related to degeneration processes because they allow a more easy and precise control of the extracellular environment compared to in vivo models. Organotypic hippocampal slice cultures offer several advantages in terms of preservation of 3-dimensional structure (Gahwiler, 1984; Stoppini et al., 1991) where the basic neuron-neuron and neuron-glia connections are maintained with normal electrophysiological properties (Blaabjerg et al., 2003; Frotscher et al., 1990; Gahwiler, 1988; Gahwiler et al., 1997; Zimmer and Gahwiler, 1984) . For our experiments, mouse hippocampal slice cultures of postnatal brain tissue were established and grown on semiporous membranes, using the method of Stoppini et al. (1991) as modified by Noraberg et al. (1999) . In the presently used protocol, EPO and CEPO were applied for 24 h prior to the lesion, during OGD and 24 h thereafter or during the 24 h of NMDA exposure. In this study, the control cultures for both lesion models exhibited very low, non-significant PI uptake. The PI uptake in the sham-OGD cultures was higher than in non-manipulated control cultures. We interpret this as being due to a mild trauma induced by adding the OGD medium on the top of the cultures. Both EPO and CEPO were able to effectively attenuate the neuronal cell death, with CEPO displaying what appeared to be a more general and more efficient neuroprotective effect. When directly comparing the neuroprotective effects of EPO and CEPO on the CA3 and CA1 pyramidal and dentate granule cells layers tested in the two lesion models (OGD and NMDA), CEPO was significantly more efficient for all cell layers in the OGD experiments, but did not reach significant difference from EPO in any of the subfields in the NMDA experiments. In the NMDA lesion model, where CA1 pyramidal cells have been shown to be more susceptible to NMDA excitotoxicity than other hippocampal neurons (Monyer et al., 1994) , we observed Fig. 7 . Toluidine blue cell staining and MAP2 immunohistochemistry of mouse hippocampal cultures treated with NMDA and exposed to EPO or CEPO. Control cultures (A, D) displayed a healthy cellular and structural morphology in all cell layers. NMDA exposure induced a dramatic increase in the number of pyknotic nuclei where DNA condensation was easily visualized (E). Due to NMDA excitotoxicity, there was a nearly total loss of dendritic MAP2 positive processes in the hippocampal cell layers (B). NMDA-exposed cultures treated with CEPO (C, F) were able to partially inhibit this neuronal cell death. In CEPO-treated NMDAlesioned cultures, some scattered healthy nuclei could be observed (F) .
that the neuroprotective effect of EPO and CEPO was less strong (for EPO not significantly present) compared to CA3 and dentate gyrus. We anticipate that this difference in neuroprotection between different hippocampal cell layers most likely is due to the stronger severity of the NMDA-induced lesion in CA1, and not the involvement of different mechanisms of action for the different cell types.
Several studies suggest that the EPO neuroprotective signaling pathways have some similarities to the pathways in erythropoiesis, including activations of Janus-tyrosine kinase 2 (Jak2) (Bittorf et al., 1997; Kawakami et al., 2001) , signal transducers and activators of transcription (STATs) (Bittorf et al., 2000; Damen et al., 1995) and of nuclear factor kappaB (NFkB) (Figueroa et al., 2002; Matsushita et al., 2003) . When the EPO molecule binds to the EPOR, a dimerization of the receptor occurs with subsequent autophosphorylation of Jak2 and receptor activation. In non-neuronal cells, Jak2 activation conducts the activation of different downstream signaling pathways like Ras/MAPK, PI(3)K and STAT5 (Choi and Rothman, 1990; Ihle et al., 1995) . However, this hematopoietic Fig. 8 . Immunoreactivity of MAP2 (A-G), an early marker of neuronal degeneration, and TB cell staining (H, N) in control and OGD-exposed mouse hippocampal slice cultures with and without presence of EPO and CEPO. Both control and sham-OGD cultures displayed a healthy morphology (H and K respectively) with dense MAP2 staining of neuronal processes (A and D respectively). Unlesioned EPO (B, I) and CEPO (C, J) treated cultures showed a similar, normal pattern of MAP2 immunoreactivity. In OGD-lesioned cultures, MAP2 immunoreactivity was reduced in particular in the CA1 pyramidal cell layer (E) and there was a significant increase in the number of pyknotic nuclei (L). Both EPO-(F, M) and CEPO-treated OGD-exposed cultures (G, N) were able to protect against this loss in MAP2 immunohistochemistry, with CEPO having a better effect than EPO. intracellular signaling pathways have been shown to be functional also in neurons (Siren et al., 2001 ). By inhibiting MAPK or PI(3)K in hypoxia-cell death studies, EPO neuroprotection was abrogated, suggesting a crucial role of these pathways in EPO-induced protection (Siren et al., 2001) . The relation between Jak2 and the transcription factor NFkB is well established (Digicaylioglu and Lipton, 2001) . EPO exhibits a dose-response increase in nuclear NFkB and a concomitant decrease in cytoplasmatic NFkB, a translocation required for its neuroprotective effect. In addition, phosphorylation of Jak2 is required for NFkB translocation into the nucleus and EPO neuroprotection in neurons (Digicaylioglu and Lipton, 2001) . Recently, it has been shown that EPO variants that do not activate the classical homodimeric EPOR are still neuroprotective (Leist et al., 2004) . This is in line with findings that the brain EPOR differs from the one leading to hematopoietic actions regarding affinity for EPO, molecular weight as well as associated proteins (Masuda et al., 1993) . The EPOR has been demonstrated to functionally associate with other cytokine receptors such as CD131 (Hanazono et al., 1995; Jubinsky et al., 1997) , also known as common β receptor (βcR) subunit. The βcR is one of the signal transducing subunits shared by the granulocyte-macrophage colony-stimulating factor and the IL-3 and IL-5 receptors (D'Andrea and Gonda, 2000) . Experiments with βcR knock out mice showed that the βcR is not necessary for the process of erythropoiesis, thus non-altered erythrocyte maturation was seen in these knock out mice (Scott et al., 2000) . It has been postulated that the tissue protective receptor involved in EPO signaling mechanisms might be the heteroreceptor dimer constituted by the EPOR and the βcR subunit . One may speculate that different neuroprotective activities of EPO and CEPO, as observed here in hippocampal slice cultures, are due to a different activation of such a heteroreceptor by the two ligands. Other explanations are also possible like different rates of diffusion into slice cultures resulting in differences in local concentrations and different surface charges of EPO and CEPO. In order to clarify that, a larger study employing multiple concentrations and time points would be needed. It should be noted, however, that the concentrations of EPO and CEPO used in this study already are 2-to 3-fold higher than concentrations used in monolayer cell culture studies. For in vivo studies, EPO has been used in concentrations up to 5000 U/kg which is estimated to yield a plasma concentration of approximately 200 U/ml (Vaziri et al., 1995) , which is similar to the concentration used in our experiments.
The exact mechanisms responsible for CEPO neuroprotective effects in vitro still remain to be identified. EPO is a pleiotropic cytokine known to exert its neuroprotection by reducing NO overproduction, inhibiting inflammation and modulating antiapoptotic genes among other functions (Genc et al., 2004a,b) . These actions are known to involve several receptors and signaling pathways. Many studies suggest a role of EPOR in tissue protection (Bernaudin et al., 1999; Siren et al., 2001 ), but the receptor complex mediating EPO hematopoietic effects and EPO neuroprotective actions differs in the affinity for EPO and the associated proteins involved (Masuda et al., 1993) . Moreover, CEPO does not seem to bind to the EPOR despite displaying neuroprotective actions (Leist et al., 2004) , but Brines et al. (2004) recently reported that using knock out (KO) mice for the βcR subunit the neuroprotective effects of both EPO and CEPO were abolished. In characterizing the EPO molecule, Campana et al. (1998) showed the presence of a region in the EPO molecule, not within the EPOR binding site, which is associated with neuroprotective actions. Studies in PC12 cells show similar affinities of EPO and CEPO for these cells. Although CEPO does not bind to the EPOR, EPO and CEPO seemed to compete for a common binding site in this cell type (Leist et al., 2004) . Brana et al. (1999) were the first ones to correlate calpain activity, measured as spectrin cleavage, with membrane integrity assessed by PI uptake. They found the spectrin breakdown products, detected by Western blot, as early as 1 h after OGD followed by a steady increase for up to 24 h. In accordance with these data, we found an increase Fig. 9 . Immunoreactivity of MAP2 (A-C) and TB cell staining (D-F) in control and NMDA excitotoxically lesioned mouse hippocampal slice cultures with or without EPO or CEPO. NMDA exposure leads to an almost total lost of MAP2 immunoreactivity and an increase in dead or dying cells assessed by TB in particular in the CA1 pyramidal cell layer (A, D) but also in the other cell layers. EPO protected partially this MAP2 loss in all cell layers in excitotoxic lesioned cultures (B, E). CEPO-treated NMDA-lesioned cultures (C, F) displayed a healthier morphology assessed by TB cell staining and where an increase in MAP2 immunoreactivity could be seen when compared to EPO-treated NMDAlesioned cultures. in the formation of 150 kDa and 145 kDa spectrin cleaved products at 24 h after 30 min OGD. This increase was efficiently inhibited by preincubating the hippocampal slices for 24 h before the OGD with EPO or CEPO, suggesting that one possible mechanism of EPO and CEPO is by prevention of calpain activation.
Although further studies are needed to clarify the mechanisms mediating the neuroprotective effects of CEPO, this compound clearly could be a good candidate for developing new neuroprotective strategies without interfering with the hematopoietic system.
